Abstract The aim of this study was to investigate the application of grapeseed oil, a waste product from the wine industry, as a renewable feedstock to make polyesters and to compare the properties of these materials with those derived from soybean and rapeseed oils. All three oils were epoxidized to give renewable epoxy monomers containing between 3.8 and 4.7 epoxides per molecule. Polymerisation was achieved with cyclic anhydrides catalysed by 4-methyl imidazole at 170 and 210°C. Polymers produced from methyl tetrahydrophthalic anhydride (Aradur917 Ò ) had greater tensile strength and Young's Modulus (tensile strength = 12.8 MPa, Young's Modulus = 1005 MPa for grapeseed) than methyl nadic anhydride (MNA) derived materials (5.6 and 468 MPa for grapeseed) due to increased volume of MNA decreasing crosslink density. Soybean and grapeseed oils produced materials with higher tensile strength (5.6-29.3 MPa) than rapeseed derived polyesters (2.5-3.9 MPa) due to a higher epoxide functionality increasing crosslinking. T g 's of the polyesters ranged from -36 to 62°C and mirrored the trend in epoxide functionality with grapeseed producing higher T g polymers (-17 to 17°C) than soybean (-25 to 6°C) and rapeseed (-36 to -27°C). Grapeseed oil showed similar properties to soybean oil in terms of T g , thermal degradation and Young's Modulus but produced polymers of lower tensile strength.
Introduction
In the modern world demand for materials is ever increasing, however as supplies of natural resources such as crude oil are becoming limited [1] the use of renewable feedstocks becomes ever more attractive. Vegetable oils are generating much interest as a feedstock for polymers, this is partly because they are environmentally friendly, have high purity, are annually renewable [2] and their relative ease of functionalization provides materials with useful thermal and mechanical properties [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Vegetable oils have also generated interest for their structure, with the commonest oils being triglycerides made mainly from five fatty acids; oleic (C18:1), linoleic (C18:2), linolenic (C18:3), stearic (C18:0) and palmitic (C16:0). These oils, therefore containing varying amounts of carbon-carbon double bonds, which can easily be modified making them interesting from a chemical point of view [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] .
Chemical modifications of vegetable oils include transesterification (e.g. for biofuels) [1, 15] , hydrogenation (for margarine synthesis) [16, 17] and modification of the double bonds, one of the most common being epoxidation [12, 18] . Epoxidized oils have a variety of uses including as resins [19] , as precursors of polyols for polyurethane synthesis [14, 20] and for coatings [21] .
Epoxidized soybean oil (Fig. 1) is one of the most common vegetable oil feedstocks used in industry, traditionally it has been used as a plasticizer for PVC [22, 23] , as well as for producing polyesters from anhydrides [24] [25] [26] .
Thermosetting plastics are polymers formed from a liquid starting material that irreversibly lead to a solid material upon curing (polymerisation). The most common thermosets are derived from epoxide monomers and cyclic anhydrides and copolymerise via ring-opening of the epoxides to give crosslinked polyesters (epoxy resins). Epoxidized soybean oil (ESBO) is an ideal candidate as it contains multiple epoxide groups that allow for a highly crosslinked polymer network. Typically, ESBO monomers are blended with commercial petrochemical epoxides, such as bisphenol A diglycidyl ether (BADGE), and reacted with anhydrides, such as maleic anhydride (MA), to give polyesters (epoxy resins). Usually an increase in renewable ESBO content leads to greater flexibility in the polymer with a loss in tensile strength (tensile strength; 100% BADGE/MA = 70 MPa, 100% ESBO/MA = 36 MPa) [24] . Unfortunately, replacing petrochemical epoxides (typically containing terminal epoxides) with less reactive plant oil derived internal epoxides leads to increases in cure temperatures by as much as 40°C [25] . Properties of the final plastic are affected by the stoichiometric ratio of epoxide to anhydride functional groups, with values greater or less than the optimum 1:1 ratio leading to a decrease in flexural modulus and hardness of materials due to incomplete curing of the epoxide [26] .
Grapeseed oil has a similar number of alkenes per molecule of triglyceride as soybean oil and both contain linoleic acid as the most abundant fatty acid chain [29, 30] followed by oleic acid (Table 1) . Grapeseed oil can be extracted from the residue remaining after wine making, the pomace, containing the skin, stems and seeds [31] . From 100 kg of grapes it is possible to extract 400 g of oil [32] and with worldwide production of grapes at 67 million tonnes in 2012 [33] this gives a potential of 268,000 tonnes of grapeseed oil per year. The estimated production of epoxidised soybean oil is 200,000 tonnes per year [34] , so in terms of volume the waste product grapeseed oil has the potential to replace or augment the food crop soybean oil.
In this paper we report the epoxidation of three plant oils, grapeseed oil, soybean oil and rapeseed oil followed by the polymerisation of the epoxidized oils by cyclic anhydrides methyl tetrahydrophthalic anhydride (Aradur917 Ò ) and methyl nadic anhydride (MNA). The thermal and mechanical properties of the resulting polymers are analysed and a comparison is made to ascertain the viability of waste grapeseed oil as a substitute for soybean oil in anhydride cured epoxy resins.
Experimental Materials
Soybean, rapeseed and grapeseed oils were purchased commercially and used without further purification. Aradur 917 Ò was provided by the Huntsman Corporation and other consumables were purchased from Sigma-Aldrich and were used as purchased.
Measurements

NMR Spectroscopy
1 H NMR spectra were recorded with Bruker DPX-300 and DPX-400 Hz machines in CDCl 3 as solvent (and CHCl 3 as internal standard), chemical shifts are quoted in parts per million and coupling constants J are quoted in Hz.
Fourier Transform Infra-Red (FTIR) Analysis
Infra-red spectral analysis was performed on a PerkinElmer Avatar 320 FTIR spectrometer with samples as liquid films with absorption maxima recorded in wavenumbers (cm -1 ).
Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC)
Calorimetric measurements were made on a Metler Toledo DSC1-Star machine with a heating rate of 10°C/min. The glass transition temperatures were taken as the midpoint of [27, 28] the transition in heat capacity. Thermal stability was studied on a Metler Toledo DSC1-Star instrument with a heating rate of 10°C/min and a temperature range of 25-600°C. The initial weight of the samples was approximately 10 mg. For both measurements standard 40 lL aluminium pans were used and the atmosphere was air.
Mechanical Properties
Tensile testing was performed on an Instron 3800R following BS EN ISO 527-2. A 1 KN load cell was used with an extension rate of 2 mm/min, the environment was kept at 20°C. Results are quoted as an average of six tests.
Swelling Test
Swelling tests were used to determine crosslink density. Approximately 0.2-0.3 g of polymer sample (with dimentions 10 mm 9 10 mm 9 3 mm) were placed in toluene solvent (15 mL) for 1 week with daily stirring to obtain equilibrium swelling (constant weight). The swollen samples were removed, blotted dry and weighed, the volume fraction of swelled polymer t p is:
where q s and q p are densities of solvent and polymer respectively and m s is the swelled weight and m 0 is the initial weight of polymer.
Procedures
General Procedure for Epoxidation of Vegetable Oils
Epoxidation was achieved by the method of Petrović [12] and performed on a 200-400 g scale. The vegetable oil (e.g. grapeseed oil 400 g, 0.454 mol) was dissolved in toluene (1 L) and heated to 80°C. Acetic acid (13.62 g, 0.5 eq) and Amberlite Ò IR120 (100 g, 25 wt%) were added followed by dropwise addition of hydrogen peroxide solution (35%, 352 mL, 8 eq). The reaction was stirred overnight at 80°C in air. After completion the reaction was cooled, washed with water (3 9 500 mL), NaCl (sat, 2 9 100 mL) and dried using MgSO 4 . The solvent was removed in vacuo to yield a green tinted oil. (421.8 g, 97%).
Epoxidation of Grapeseed Oil (EGSO)
Green tinted oil, 421.8 g (97%). 1 ? (3 9 18:1).
General Procedure for Polymerisation of Epoxy Oils
Polymerisation was performed on a 16 g scale. The epoxidised vegetable oil and 4-methyl imidazole (0.16 g, 1 wt%) were combined and heated to 40°C to aid dissolving of the 4-methyl imidazole (4-MI). The mixture was degassed for 10 min under high vacuum and rapid stirring. The anhydride was added in varying amounts to give the required epoxide: anhydride (E:A) mol ratio and the mixture was further degassed for 20 min. The reaction mixture was poured into an aluminium 'dog bone' mould lined with silicone release spray and heated at 170°C (Aradur 917 Ò ) or 210°C (MNA) for 1 h.
Results and Discussion
Composition of Plant Oils
The vegetable oils used in this investigation are listed in Table 1 (Fig. 2) . The level of unsaturation is important as this determines the epoxide level after epoxidation. The number of epoxide groups per molecule will govern the level of crosslinking, which will ultimately affect the physical properties of the polyesters.
Epoxidation of Plant Oils
The vegetable oils were epoxidised following the method of Petrovic [12] , using acetic acid, an ion exchange resin (Amberlite Ò IR120) and hydrogen peroxide in toluene (Fig. 3) . The reactions were performed at 80°C and were monitored by 1 H NMR looking for disappearance of the alkene peaks at around 5.35 ppm and the appearance of epoxide peaks at 2.8-3.1 ppm.
The epoxidised plant oils derived from grapeseed (EGSO), soybean (ESBO) and rapeseed oil (ERSO) were produced in high yields (95-97%) and purity, and were used without further purification. In an attempt to reduce costs and overall environmental impact of the epoxidation procedure the reaction with grapeseed oil was attempted without solvent [35] . Unfortunately, while the reaction was complete after only 6 h the lower yield of EGSO (86%) was disappointing.
The epoxidized oils used in this study (EGSO, ESBO and ERSO) are mixtures of different triglyceride molecules containing statistical mixtures of epoxidized fatty ester derivatives. It was possible to identify the different triglyceride components in these mixtures and their level of epoxidation by electrospray mass spectrometry, Fig. 4 .
The from ESBO or EGSO. There was little evidence of any ring-opened diol functionalised triglycerides, arising from ring-opening of the epoxides by water.
Copolymerisation of Epoxidized Plant Oils
We used two hardeners for copolymerisation, methyl tetrahydrophthalic anhydride [36] (marketed by Huntsman as Aradur917 Ò ) and methyl-5-norbornene-2,3-dicarboxylic anhydride (methyl nadic anhydride, MNA), Fig. 5 .
Polymerizations were investigated for each epoxidized oil with both anhydrides using 4-methyl imidazole (4-MI) as a catalyst. For each epoxidized oil (E)/anhydride (A) combination three different molar ratios (E:A) were investigated providing 18 polymers for analysis, Fig. 5 .
Curing Kinetics
The epoxidized oils and anhydrides were combined to give epoxide:anhydride functional group ratios (E:A) of 1:1 and 2:1 in line with previous reported work [26] . In addition an equimolar ratio of triglyceride to anhydride was used (*4:1 E:A ratio depending upon the oil) with the catalyst 4-MI (1 wt% relative to the total reaction mixture). The formulations with a higher E:A ratio would be expected to provide more flexible materials due to the plasticizing effect of the vegetable oil. To analyse curing kinetics and determine an optimal cure temperature, samples of 1:1 E:A mixture of all oils and Aradur917 Ò were analysed by DSC (Fig. 6 ). The peak cure temperature (C T ) was found to increase inversely with the epoxide number (in brackets) EGSO (4.7) C T = 148°C [ESBO (4.4) C T = 151°C [ERSO (3.8) C T = 155°C. This correlates to the greater proportion of epoxidized linoleic chains and is in agreement with the trends found by Webster [37] for the polymerization of epoxy sucrose esters and cyclic anhydrides. The cure temperature range was similar to that observed for epoxy resins derived from ESBO and maleic anhydride (C T = 150°C) [26] . It was also possible to determine the enthalpy of polymerization from the area under the DSC curve. As expected (for Aradur917 Ò ) the oils with higher levels of epoxides released more energy during polymerization due to an increased number of crosslinks being formed (DH polymerization EGSO = 218 J g -1 , ESBO 201 J g -1 , ERSO 176 J g -1 ). The peak cure temperature for polymers produced using MNA as the anhydride component were substantially higher than Aradur917
Ò but followed the same trend (EGSO 203°C [ ESBO 206°C [ ERSO 210°C) with lower (DH polymerization values 109-159 J g -1 ) [36] . The data shows that a cure temperature of 170°C for Aradur917 Ò and 210°C for MNA derived polymers would be sufficient for polymerization. DSC measurements of EGSO polymers cured at these temperatures for 1 h showed no exothermic peaks in their DSC indicating complete curing under these conditions.
Crosslinking Density
Crosslinking density is an important characteristic of thermoset resins as it governs the physical properties of the polymer network. Typically expressed as mass between crosslinks (M c ) or crosslink density (t c ) and can be calculated by the Flory-Rehner equation:
where V p is the volume fraction of swollen polymer, V s is the volume fraction of the solvent and v is the polymersolvent interaction parameter which is related to the solubility parameters via:
Where R is the gas constant, T is temperature and V s is the molar volume of the solvent. The calculated crosslink densities are listed in Table 2 .
The differences in crosslink densities arise from three factors; the type and amount of anhydride hardener used, and the composition of the epoxidized oil. As expected the crosslinking density is highest when a 1:1 ratio of anhydride is used, as all the epoxides can potentially react. With sub-stoichiometric levels of anhydride less epoxides are available to react leading to lower crosslinking points. For example, t c decreases from 32.9 to 23.4 and 12.8 as the hardener ratio decreases from 1:1 to 2:1 and 4.7:1 in EGSO with Aradur917 Ò Table 2 . Polymers prepared from MNA generally have lower crosslink densities due to the larger molecular volume of this monomer as a consequence of the bridgehead methylene group, Fig. 7 .
Interestingly, the crosslink density does not completely parallel the epoxide value of the oils. With both anhydride hardeners a 1:1 ratio with ESBO gives a more crosslinked structure than EGSO. We believe this phenomenon may be due to the higher linoleic content of EGSO within the triglyceride, where polymerization of one epoxide in the linoleate chain may reduce the free movement of the adjacent epoxide locking it in the network preventing efficient curing. Alternatively, an increased probability of intramolecular reactions between epoxides could occur in EGSO derived polymers lowering the crosslink density of the polymer. FTIR analysis of the cured ESBO and EGSO polymers with Aradur917
Ò does show some residual epoxide groups remaining for the grapeseed polymer (peak at 800 cm -1 ) providing tentative evidence for this hypothesis (Fig. 8 ). In addition, there was no exothermic peak in the DSC analysis of the EGSO derived polymers (vide infra) indicating that curing had finished.
Tensile Properties
Polymerization reactions were performed at the temperatures previously identified in an aluminium 'dog bone' mould. The polyester resins were various shades of brown and ranged from hard brittle to soft elastic. The stress strain curves for all polymers derived from EGSO, ESBO and ERSO with both anhydrides utilizing a 1:1 E:A ratio are shown in Fig. 9 . In all six cases there was no defined yield point visible indicating plastic deformation had occurred and that the polymers had fractured while still in their elastic state meaning broken pieces reverted back to their Errors are given as standard deviation. Calculated crosslinking densities of epoxy vegetable oils and anhydride polymer networks UTS ultimate tensile stress, YM Youngs modulus, EB elongation at break point original dimensions. ESBO with Aradur917 Ò (E:A = 1:1) produced the strongest polymer with an ultimate tensile stress (UTS) of 29 MPa but this strength decreased as the ratio of anhydride hardener is decreased, E:A 2:1 UTS = 1.17 MPa, E:A 4.7:1 UTS = 0.07 MPa ( Table 2) .
This trend was observed for all oil/anhydride combinations and is due to the size of the polymer network. The molecular weight of these resins is governed by the amount of anhydride in the reaction and hence lower tensile strengths are observed [38] [39] [40] [41] . Materials prepared from Aradur917 Ò typically had greater tensile strengths than those from MNA (1:1 E:A; EGSO 12.8 vs. 5.6 MPa, ESBO 29.3 vs. 14.0 MPa, ERSO 3.94 vs. 2.51 MPa). This is reflected in the crosslink density where Aradur917
Ò samples have consistently higher densities than MNA samples and is attributed to the increased molecular volume of MNA.
The trend in tensile strength between the three different oils is generally ESBO [ EGSO ) ERSO for both anhydrides and all three E:A ratios. This pattern follows the trend in crosslinking density. Due to the fact that EGSO based polymers are less crosslinked than ESBO derived materials and that residual epoxide groups are still present it should be noted that grapeseed is not necessarily a viable option as a replacement to ESBO in high stress applications.
Thermal Properties
The glass transition temperature (T g ) is an important polymer characteristic and relates to physical properties of a material. Generally speaking, polymers with a higher crosslinking density have a higher T g , but other factors such as structure and composition can have an appreciable effect. The glass transition temperatures were measured by DSC using a combined TGA/DSC experiment, Fig. 10 .
Previous work with ESBO derived epoxy resins has shown that T g 's are lowered with decreasing levels of anhydride ([E:A ratio) [26, 42] and this was observed for all six oil/anhydride combinations in this study. This is attributed to a lowering of crosslink density within each series as the anhydride levels are decreased, (due to unreacted epoxides), and provides the polymer with an increase in elasticity from the linear chains. The more rigid anhydride, MNA, results in a significantly higher T g and stiffer polyesters than for Aradur917
Ò (E:A = 1:1, DT g EGSO ?45°C, ESBO ?49°C, ERSO ? 24°C) as expected. The range of T g values in this study (-19 to 62°C) is broader than that reported for ESBO derivatives with a wide range of anhydrides (19-65°C) [42] but are lower than for linseed oil derivatives [43] or commercial resins based upon BADGE [44] . EGSO derivatives generally have slightly higher T g 's than ESBO derivatives, both of which are significantly higher than ERSO derivatives. While this doesn't parallel crosslinking density it does reflect the epoxide level of the oil monomers.
Crosslinking alone is not the most important factor in determining T g in these systems and can be confirmed by comparing two materials with identical crosslinking densities (16.4 9 10 -4 mol m -3 ), ERSO:Aradur917 Ò 2:1 (T g = -10°C), versus EGSO:MNA 1:1 (T g = 62°C). Thermogravimetric analysis (TGA) was used to determine the thermal stability of the materials, Fig. 11 , data Table 2 . Recent studies using 2-ethyl-4-methylimidazole as a catalyst to mediate the polymerization of ESBO and methylhexahydrophthalic anhydride (MHHPA) showed that the resins exhibited a two stage decomposition process [45] . The first stage (25 wt%) between 200 and 300°C was attributed to low molecular weight components, unreacted anhydride groups, and catalyst present, while the second stage (71 wt%) between 300 and 480°C was attributed to degradation of the soybean component. On the other hand, reaction with ESBO with a variety of other anhydrides and triethylamine as a catalyst was reported to give relatively stable materials up to 300°C followed by a one-step degradation 300-420°C [42] . The exception was dodecenyl-succinic anhydride (DDS) that exhibited a two-step degradation profile. These results suggest that the nature of the anhydride is important in controlling the overall initial thermal stability. Further confirmation rises from our results where materials prepared from Aradur917 Ò show increased initial thermal stability (T -10% [ 8-46°C) over the 200-300°C temperature range compared to those prepared from MNA, Fig. 11 . In our case, degradation of the anhydride derived segment of the polymers by a retroDiels-Alder (rDA) reaction is possible [46] . Indeed, the rDA reaction has been observed in the degradation of MNA derived polymers from petrochemical sources, where initial degradation occurs around 240°C [47, 48] . It is likely the slightly decreased stability of the MNA derived polymers over the Aradur917 Ò derived ones is a reflected in the ease of rDA which is known to be more facile for bridgehead derived structures [47] . Another observation from our data highlights that an increased initial thermal stability is achieved when a lower ratio of anhydride ([E:A) is used. This provides further evidence that the initial degradation pathway reflects decomposition of the anhydride derived segments and has been observed before for ESBO derivatives.
Conclusions
A series of renewable crosslinked polyester resins were produced from epoxidized plant oils (EGSO, ESBO and ERSO) and cyclic anhydrides (Aradur917 Ò and MNA). The properties of the epoxy resins such as crosslink density, mechanical and thermal properties were tested in order to identify the possibility of whether grapeseed oil, a waste product from the wine industry, would be a viable replacement for soybean oil (a food crop). In terms of crosslinking density, which governs physical properties, grapeseed oil was less crosslinked than soybean polymers (for Aradur917 Ò EGSO = 32.9 9 10 -4 mol cm -3 , ESBO = 35.8 9 10
-4 mol cm -3 ). The lower crosslink density was attributed to the higher linoleic content upon which the second epoxide becomes inaccessible for polymerisation after the first has reacted. The more rigid anhydride, MNA, results in a significantly higher T g than for Aradur917
Ò however due to the lower crosslink densities in MNA derived materials their UTS is significantly lower. The EGSO/MNA 1:1 polymer exhibits a similar T g (62°C) to that previously reported for ESBO and phthalic anhydride 65°C [42] . However in terms of thermal properties T g 's of grapeseed polymers were higher than soybean (for Aradur917, EGSO T g range -17 to 17°C, ESBO T g range -25 to 6°C). Thermal degradation showed no distinct pattern between the different oils.
ESBO derived polymers have been used mainly in nonstructural applications [24] . In polyesters ESBO has mainly been used as an additive and reactive diluent to partially replace BADGE, and as such can lower the cost and improve the processability of materials [49] [50] [51] . In conclusion it can be stated that for anhydride cured polyesters grapeseed oil would only be a sensible substitute for soybean in blending with BADGE for low stress applications or where thermal properties are more important than strength.
